Introduction 150 151
Tropospheric ozone is difficult to measure from space because the contribution to the 152 measured signal from stratospheric ozone is typically large. The first approach to the 153 determination of tropospheric ozone distributions from satellite measurements involved 154 subtracting the stratospheric ozone column from the total ozone column [Fishman and 155
Larsen, 1987; Hudson and Thompson, 1998; Ziemke et al., 1998 Ziemke et al., , 2005 Ziemke et al., , 2006 . The Global 156
Ozone Monitoring Experiment (GOME) makes nadir measurements of the global distribution 157 of tropospheric ozone columns from space [Valks et al., 2003; Liu et al., 2005 Liu et al., , 2006 ] and a 158 similar Ozone Monitoring Instrument (OMI) tropospheric column retrieval product will soon 159 be available (Liu, personal communication, 2006 other important tropospheric species including carbon monoxide, methane and water vapor 172 a limited number of early measurements to ozonesondes, using the first version of TES nadir 174 ozone data (V001) [Worden et al., 2007] . In the present work, using version 2 (V002) data, 175
we examine approximately 1600 TES and ozonesonde coincidences spanning 72.5ºS-80. can operate with a range of KI solution strengths, buffer types and preparation procedures. 255
Sonde performance was evaluated in a series of experiments [Smit et al., 2007] , but the study 256 was based on a small number of sonde measurements. Their work indicates a precision of 257 better than ±(3-5) % and an accuracy of about ±(5-10) % up to 30 km altitude if standard 258 operating procedures for ECC sondes are used, and suggests a median high bias of about 5% 259 for ECC sondes relative to an ultraviolet (UV) photometer. 260
261
Overhead columns are measured independently by a Dobson or Brewer instrument for some 262 sonde profiles. If an overhead column measurement is available, as for most WOUDC data, a 263 correction factor (CF) is calculated, which can also be used to screen the data. therefore to obtain enough comparisons, a time separation of ±48 hours and a 600 km radius 296 from the sonde station were used as the coincidence criteria. In this work, we have applied 297 criteria of ±9 hours and a 300 km radius, which was partly based on a separate analysis 298 comparing coincidence criteria using measurements from the SAUNA (Sodankylä Total 299
Column Ozone Intercomparison) ozonesonde campaign from Sodankylä, Finland (67.4°N, 300 26.6°E) between 27 March to 14 April 2006. Although those comparisons were Transect 301 observations (which involve larger viewing angles than GS or SS observations), they 302 indicated that over a reasonable range, the choice of coincidence criteria affects the variability 303 determined from the comparisons much more than the bias determination. Ultimately, our 304 criteria were selected to balance the fact that the probability of measuring an air parcel with 305 different characteristics increases with the distance and time separation, with the need to have 306 a sufficient number of profiles available for a good statistical treatment. It should also be 307 noted that over the course of a measurement, an ozonesonde undergoes horizontal drift; 308 therefore, the exact separation between the TES and sonde measurements may differ from the 309 stated distances which are based on the position of the sonde station. were removed because these obscure the infrared emission from the lower troposphere, 337 greatly reducing TES sensitivity. The number of profiles in each zone excluded due to clouds 338 is given in Table 2 . Profiles with a cloud top pressure less than 750 hPa (cloud top height 339 above ~2.5 km) with an effective optical depth greater than 2.0 are considered to be obscured 340 by clouds. The optical depth threshold was selected by inspection of the averaging kernels. It 341 permits some cloudiness and thus some reduction in the averaging kernel, but it is a slightly 342 stricter cloud criterion than an effective optical depth > 3.0 used by Worden et al. [2007] . 343
Inclusion of cloudy profiles would artificially make the TES and sonde agreement better in 344 the lower troposphere because for cloudy scenes the ozone averaging kernel approaches zero, 345 causing the retrieval to revert back to the a priori. Since the TES averaging kernel is also 346 applied to the sonde profile, the residual from subtracting the two quantities is then nearly 347 zero. 348 The absolute value of the bias and standard deviation generally increase near the tropopause 361 and in the lower stratosphere, but this translates to a small percent difference as ozone levels 362 are higher there. In the tropics and subtropics the bias exceeds 20% at low altitudes. In these 363 latitude zones as well as the northern midlatitudes, both the mean and standard deviation at 364 low altitudes are inflated by a few large outliers that have been left in the comparison. The 365 outliers only represent about 1-2% of all unflagged profiles in these latitude zones. It has 366 been determined that these anomalous profiles occur over both land and ocean, and do not 367 appear to be related to the absolute level of ozone. Nearly no low altitude bias is seen in the 368
Arctic and Antarctic where ozone levels are low and the brightness temperature at the surface 369 is very low, resulting in low sensitivity, and thus causing the TES retrieval to revert back to 370 the a priori. The region from about 70-300 hPa in the southern low and midlatitudes is the 371 only real exception to the general positive bias. These low TES measurements mainly 372 originate from coincidences with sondes from the subtropical stations at Reunion Island and 373
Pretoria. The low bias did not appear to relate to season, or any obvious characteristic that 374 would distinguish these coincidences from the rest. 375
376
The profile comparisons in Figure 2 give a good overview of the variability and bias in TES 377 profiles, but since there are approximately 2 degrees of freedom for signal in the troposphere, 378 a proper quantitative analysis should account for this. In Figure 3 , TES versus sonde 379 correlations are shown for the lower troposphere (LT) defined as the surface to 500 hPa and 380 the upper troposphere (UT) defined as 500 hPa to the tropopause pressure determined as the 381 pressure at the TES temperature minimum or a given cutoff pressure (which ever is larger). 382
The cutoff pressure for each latitude zone was 300 hPa for Arctic, Antarctic and northern 383 midlatitudes and 200 hPa elsewhere. The error bars in Figure 3 show the mean of the TES 384 errors, since there is a correlation between the levels used for determination of the mean. The 385 bias of the mean, the standard deviation or root-mean-square error (RMS) and the correlation 386 coefficient (R) are also given in Figure 3 . 387
388
The mean UT biases range from 2.9 ppbv in the tropics to 10.6 ppbv in the Antarctic, while 389 the LT biases range from 0.7 ppbv in the Antarctic to 9.2 ppbv in the tropics. The bias 390 generally has a positive additive (shift) component and a negative multiplicative (slope) 391 component. In the northern midlatitudes where the most coincidences were available, the 392 correlation is mainly compact, but a few high outliers have decreased the R-value and 393 increased the bias and standard deviation. In the northern subtropics and tropics, the 394 correlation is excellent in the UT but poor in the LT as a result of a few outliers. The low bias 395 in the southern low and midlatitude profiles between 70-300 hPa does not show up in the 396 correlations since it is predominantly above the tropopause. The apparently good correlations 397 seen in the Antarctic and Arctic LT result from the fact that the retrieval has very low 398 sensitivity there and is reverting back to the a priori as mentioned earlier. These Arctic and 399
Antarctic correlations should not be interpreted as implying that TES measurement capability 400 is good in these regions, but they provide an example of the influence that would have 401 These comparisons have been critical in identifying erroneous TES retrievals that can 454 sometimes result when the lowest layers of the atmosphere are in emission (i.e., warmer than 455 the surface). Increased sensitivity in the lowest layers due to higher thermal contrast can lead 456 to an overestimate of ozone abundance near the surface while still producing a minimum in 457 the radiance residuals since the ozone in emission would tend to radiatively cancel the ozone 458 in absorption in the layers above. Constraints in the current retrieval algorithm do not prevent 459 this but the condition is now identified with the "emission layer flag", which flags profiles 460 when the thermal contrast (T atmosphere -T surface ) over the lowest 3 layers in the TES retrieval is 461 greater than 1K and the ozone in these layers is greater than the initial guess by more than 15 462 ppbv. Figure 7 demonstrates the effect of the emission layer flag on night observations, 463 compared to day observations, which did not have emission layer conditions. Since the 464 measurements in this case study were transect measurements often with higher viewing angles 465 (with the respect to the zenith) than SS or GS measurements, these additional 283 profiles 466
have not been included in the bulk northern midlatitude statistics for which a large number of 467 coincidences were already available. 468 469
Discussion 470 471
In the present work, the TES operator has been applied to ozonesonde profiles. This 472 facilitates direct comparison by smoothing the sonde data with the TES averaging kernel and 473 also allows calculation of a TES-sonde difference that is not biased by the TES a priori. 474
While this approach has advantages, one must also be careful not to mistake a lack of 475 sensitivity or low A TES (as in the case of cloudy scenes or Arctic/Antarctic conditions in the 476 LT) for good agreement between the datasets (low x TES -x sondeTESop ). We have accounted for 477 this in the Arctic and Antarctic by identifying the low sensitivity by inspection of the 478 averaging kernels, and in the case of cloudy scenes using the effective optical depth in the LT 479 to screen out such cases. 480
481
The present study provides the largest and widest ranging evaluation of TES ozone 482 measurements to date. Our comparisons indicate a positive bias with values of 2.9-10.6 ppbv 483 for the UT, and 3.7-9.2 ppbv for the LT, depending on latitude zone (see Table 4 ). These 484 tropospheric biases agree with evaluation of TES ozone using airborne differential absorption 485
LIDAR (Richards et al., Validation of Tropospheric Emission Spectrometer (TES) Ozone 486
Profiles with Aircraft Observations During INTEX-B, submitted for this issue). We 487 emphasize however, that the exact value of the bias has little meaning as the RMS is much 488 larger than the bias in all regions. This was confirmed by taking random samples of about 70 489 coincidences in the northern midlatitudes and recalculating both quantities ten times. The test 490 yielded biases of 2.9-9.3 ppbv for the UT and 3.1-8. Since the probability of mismatching profile pairs is expected to increase with distance and 504 time separation, our coincidence criteria (±9 hrs and a 300 km radius from the sonde station) 505 were selected to balance this fact with the need to have a sufficient number of profiles 506 available for a good statistical treatment. Figure 6 and the related analysis indicate that some 507 contribution to the variability can clearly be attributed to TES and sonde profiles mismatched 508 in space and time, i.e. each measuring air containing different levels of ozone. The effect (if 509 any) that atmospheric variability has on the bias is difficult to asses and quantify. Since the 510 northern midlatitudes had the most profiles available, we tested the effect of tightening the 511 coincidence criteria to ±3 hours and 100 km, which resulted in 67 profiles. The tighter 512 coincidence criteria yield biases for the UT and LT that are slightly smaller than those with 513 the standard criteria but the difference is not statistically significant if the standard deviation 514 is considered (see Table 5 ). The values for the standard error of the mean are also given in 515 Table 5 . Using σ mean provides further confirmation that any reduction in the bias as a result of 516 tightening the coincidence criteria is not statistically significant and also indicates that 517 tightening the coincidence criteria reduces the standard deviation variability at a statistically 518 significant level for the both the LT and UT, since the difference in the standard deviation 519 variability (Table 5) for the two sets of coincidence criteria is greater than the combined 520 standard errors from the two means. Therefore, if we had carried out the work with tighter 521 coincidence criteria throughout, the value of the bias would not be statistically different, but 522 the standard deviation would be less. This result is in agreement with previous work 523 involving comparisons to SAUNA data (described earlier) and is perhaps predictable since in 524 theory, the random mismatching of profiles should only add random error but should not 525 introduce a positive or negative bias. 526
527
With the TES tropospheric ozone bias mainly less than 15%, and the accuracy of ozonesonde 528 profiles estimated to be 5-10% with a potential bias of 5% (relative to a UV photometer) [Smit 529 et al., 2007] , the error contribution by ozonesonde measurements should perhaps not be so 530 easily dismissed. However, the fact that a positive bias of less than 15% was also determined 531 by Richards et al. (submitted) who compared to a completely different measurement 532 technique and used a different set of coincidence criteria, strongly supports the idea that the 533 bias is unrelated to atmospheric variability, and that the contribution to the bias from sondes is 534 not very large. Issues such as biases between different types of ozonesondes, or biases 535 between sondes and other ozone measurement techniques will need to be understood better in 536 order to make a good estimate of the contribution to the TES bias that should actually be 537 attributed to the ozonesondes. 538 definitions. For example, since the coincidence criteria was not as strict in Worden et al. 544
[2007], they used temperature difference as an additional criterion, assuming that large 545 differences (ΔT > 5K over multiple levels) indicated that TES and the sonde measured 546 different air masses. (We very rarely found ΔT > 5K over multiple levels for the present set 547 of coincidences, and the few cases found did not appear to have poor agreement for ozone 548 over the corresponding levels.) These changes make a direct quantitative comparison of 549 limited value. The systematic low bias for the LT in V001 is no longer observed, while in the 550 UT, northern hemisphere V002 results are most likely better, and tropical UT results are very 551 similar or only very slightly better in V002. 552
553
The systematic bias determined here may relate to known problems with the temperature 554 profiles that are retrieved jointly with ozone in V002 data. Changes to the TES retrieval 555 algorithms for V003 will use ozonesonde comparisons like these as one of the metrics for 556 improvement. Updating the CO 2 spectroscopy is expected to result in an improvement to 557 temperature profiles in V003 data (Shephard et al., TES spectral radiance comparisons, 558 submitted to J. Geophys. Res., this issue.), with incremental improvements to the ozone 559
estimates. In addition to the bias, multiple outliers were found in the northern midlatitude 560 spring and summer, the tropics, and the northern subtopics which exhibited very high ozone 561 values near the surface and are presumed to be erroneous. The cause of these erroneous 562 profiles which occur with a frequency of about 1-2% (depending on the criteria used) may 563 relate to the improper treatment of clouds or retrieval non-linearity which is currently being 564 quantified and will be addressed in a future publication. While correcting the problem may 565 not be straightforward, an interim solution may be the introduction of an additional flag, 566 similar to the emission layer flag, to identify these anomalous profiles for the average TES 567 data user. 568 569
Conclusions 570 571
This study used approximately 1600 TES/sonde coincidences to evaluate TES V002 nadir 572 ozone profiles. With the present comparison method, we can rule out the role of the a priori 573 on the TES bias and focus on systematic errors from the calibration and retrieval processes. 574
Using this approach, a small overall positive bias was determined, with the only systematic 575 exception (a small negative bias) in the southern subtropics between approximately 70-300 576 hPa (from comparisons to Reunion Island and Pretoria sonde measurements). 577
578
Since TES has approximately 2 degrees of freedom for signal in the troposphere, upper 579 troposphere and lower troposphere mean biases were determined from correlations of 580 averages. The UT biases ranged from 2.9±8.5 ppbv to 10.6±15.0 ppbv considering all latitude 581 zones. In the LT, sensitivity in the Arctic and Antarctic was very low, therefore LT values in 582 these regions are not valid. For the remaining latitude zones, biases range from 3.7±6.9 ppbv 583 to 9.2±16.3 ppbv. As a result of the size of the standard deviation or RMS relative to the bias, 584 the exact numerical value of the bias has little meaning, but we suggest high bias of 3-10 ppbv 585 should be noted in scientific studies which use TES tropospheric ozone. Atmospheric 586 variability was shown to significantly affect the matching of profile pairs; therefore, we 587 interpret the standard deviation variability (RMS) of 7-16 ppbv, as an upper limit for the 588 standard random variability in a single TES profile with the true value expected to be much 589 lower. Finally, it is very important to note the linearity in TES versus sonde ozone 590 comparisons (Figures 3 and 5 Table 3 . The TES averaging kernels and constraints have been applied before determining differences between the two sonde measurements. The mean and standard variability of a single profile are overlaid in black with the number of pairs given as N. 
